Protein subunit vaccines offer important potential advantages over live vaccine vectors, but generally elicit weaker and shorter-lived cellular immune responses. Here we investigate the use of pH-responsive, endosomolytic polymer nanoparticles that were originally developed for RNA delivery as vaccine delivery vehicles for enhancing cellular and humoral immune responses. Micellar nanoparticles were assembled from amphiphilic diblock copolymers composed of an ampholytic core-forming block and a re-designed polycationic corona block doped with thiolreactive pyridyl disulfide groups to enable dual-delivery of antigens and immunostimulatory CpG oligodeoxynucleotide (CpG ODN) adjuvants. Polymers assembled into 23 nm particles with simultaneous packaging of CpG ODN and a thiolated protein antigen, ovalbumin (ova). Conjugation of ova to nanoparticles significantly enhanced antigen cross-presentation in vitro relative to free ova or an unconjugated, physical mixture of the parent compounds. Subcutaneous vaccination of mice with ova-nanoparticle conjugates elicited a significantly higher CD8 + T cell response (0.5% IFN-ɣ + of CD8 + ) compared to mice vaccinated with free ova or a physical mixture of the two components. Significantly, immunization with ova-nanoparticle conjugates electrostatically complexed with CpG ODN (dual-delivery) enhanced CD8 + T cell responses (3.4% IFN-ɣ + of CD8 + ) 7-, 18-, and 8-fold relative to immunization with conjugates, ova administered with free CpG, or a formulation containing free ova and CpG complexed to micelles, respectively. Similarly, dual-delivery carriers significantly increased CD4 + IFN-ɣ + (Th1) responses, and elicited a balanced IgG1/IgG2c antibody response. Intradermal administration further augmented cellular immune responses, with dual-delivery carriers inducing ~7% antigenspecific CD8 + T cells. This work demonstrates the ability of pH-responsive, endosomolytic nanoparticles to actively promote antigen cross-presentation and augment cellular and humoral immune responses via dual-delivery of protein antigens and CpG ODN. Hence, pH-responsive polymeric nanoparticles offer promise as a delivery platform for protein subunit vaccines.
Synthetic subunit vaccines offer potential benefits over live or attenuated vaccine vectors in some disease applications, including improved safety, reduced cost, ease of manufacturability and control over the antigen specificity of the immune response. 1, 2 General limitations of protein subunit vaccines, however, include typically weak and shortlived humoral and cellular immune responses. [3] [4] [5] [6] It has been particularly challenging to elicit CD8 + cytotoxic T lymphocyte (CTL) responses, which are thought to be critical for effective vaccination against diseases such as HIV, hepatitis C, and malaria as well as in cancer immunotherapy. 7, 8 Underlying this difficulty are key delivery challenges, including transport and targeting of the vaccine to the correct antigen presenting cells (APCs) and cross-presentation of exogenously administered antigens on major histocompatibility complex class I (MHC-I) of dendritic cells (DCs). [5] [6] [7] 9, 10 Soluble protein antigen endocytosed by APCs is generally degraded in specialized endo/lysosomal compartments, resulting in preferential MHC class II presentation and subsequent generation of CD4 + helper T cell responses. 5, 6 By contrast, engineered viral vectors have been developed that induce robust CTL responses, due in part to expression of antigen in the cytosol with subsequent entry to the endogenous MHC class I antigen presentation pathway. 7, 11 Safety and specificity concerns regarding the use of viral vectors continue to drive work aimed at improving subunit vaccine efficacies. 6, 7, 11 A number of investigators have engineered pathogen-inspired synthetic vaccines to enhance antigen cross-presentation. 3, 5, 6, [12] [13] [14] [15] [16] A common approach has been to use micro-and nanoparticles as a platform for co-delivery of antigen and immunostimulatory molecules to the same APC, which can promote cross-presentation and help elicit a broader cellular response. 12, [17] [18] [19] [20] [21] Additionally, a number of pathogenic organisms utilize pH-dependent mechanisms to facilitate their escape from endo/lysosomal trafficking pathways into the cytosol. 22, 23 By analogy, our group has postulated that synthetic materials with pHdependent membrane-destabilizing characteristics provide a versatile strategy for enhancing delivery of protein antigens into the cytosolic MHC-I antigen presentation pathway. We have previously demonstrated that covalent tethering of antigen to the pH-responsive polymer poly(propylacrylic acid) can enhance intracellular antigen accumulation, thereby increasing MHC-I presentation and enhancing CD8 + T cell responses in vivo. 24, 25 While a number of nanoparticle delivery systems have been developed that enable dualdelivery of antigen and immunostimulatory adjuvants there are relatively few below 100 nm in diameter and, to the best of our knowledge, none within this size range that also incorporate endosomal escape functionalities to actively alter intracellular trafficking. Here we build upon a recently described pH-responsive, endosomolytic polymer micelle design, initially developed for siRNA delivery, 26, 27 to construct a subunit vaccine that facilitates concomitant delivery of antigen and immunostimulatory oligonucleotide adjuvants on a single nanoparticle platform ( Figure 1 ). To enable the application of this micellar carrier for vaccine delivery, we have introduced pyridyl disulfide groups into the cationic corona for reversible conjugation of protein antigens to be carried together with an electrostatically complexed nucleic acid species. The diblock copolymers self-assemble into micellar nanoparticles ~30 nm in diameter and demonstrate potent pH-dependent membrane destabilizing activity. As an adjuvant, we have used an oligodeoxyribonucleotide (ODN) containing an unmethylated cytosine-phosphate-guanine (CpG) sequence that mimics motifs found in bacterial and viral DNA. CpG ODNs bind the endosomal receptor TLR9, initiating an innate immune response characterized by the production of proinflammatory and Th1 cytokines that promote CTL and CD4 + Th1 activation. 28 , 29 Here we show that this micelle carrier facilitates loading of both a protein antigen (ovalbumin) and CpG ODN, and that dual-delivery synergistically enhances humoral and cellular immune responses. This represents the first use of such pH-responsive endosomolytic polymeric nanoparticles to enhance the intracellular delivery of a protein antigen and demonstrates the unique capability of these carriers to actively promote antigen cross-presentation via increased cytosolic delivery and enhance antigen-specific immune responses via dual-delivery of antigen and an endosomalacting oligonucleotide adjuvant.
Results and Discussion

Synthesis of pH-Responsive Nanocarriers for Dual-Delivery of Antigen and CpG ODN
RAFT polymerization was employed to synthesize amphiphilic diblock copolymers comprised of a polycation-rich block that incorporated pyridyl disulfide (PDS) functional groups and a hydrophobic and endosomolytic segment to induce micelle assembly and promote antigen cross-presentation via enhanced cytosolic delivery ( Figure 1 ). The first module was achieved through synthesis of a new copolymer comprised primarily of the cationic monomer dimethylaminoethyl methacrylate (DMAEMA) (97%) doped with a small percentage (3%) of PDS ethyl methacrylate (PDSEMA). The number average molecular weight (M n ) of the copolymer was 10kD and the polydispersity index (PDI) was 1.1. Using DMAEMA-co-PDSEMA as a macro-chain transfer agent (macroCTA), a second terpolymer ampholyte block was polymerized with dimethylaminoethyl methacrylate (DMAEMA), propylacrylic acid (PAA) and butyl methacrylate (BMA). 26 The M n of this second block was 21.5 kD with a composition of 34% DMAEMA, 27% PAA, and 39% BMA. The PDI of 1.9 for the diblock copolymer is high for a true RAFT-based polymerization, likely due to the sterically-hindered PAA monomer which slows chain propagation resulting in hybrid behavior between conventional and living free-radical polymerization. 30, 31 Nonetheless, a clear shift in the molecular weight distribution is observed (see Supporting Information, Figure S2 ) indicating the formation of the desired diblock copolymer architecture. Dynamic light scattering (DLS) of polymers in aqueous solution (PBS, pH 7.4) revealed particles with an average diameter of 23.4+/−3.3 nm, indicating the assembly of a micellar architecture driven by the hydrophobic core-forming pH-responsive block. Static light scattering measurements indicated a micelle molecular weight of ~2610 kD, and, therefore, an aggregation number of ~80 polymer chains per micelle.
The ability of micellar nanoparticles to carry ovalbumin (ova) and/or CpG ODN was next assessed. In order to identify the relationship (mixed, conjugated, or electrostatically associated) between the different components of the formulation (polymer, ova, and CpG), the following nomenclature was adopted and used henceforth. Free ovalbumin will be referred to as "ova", free ova mixed with CpG as "ova+CpG", ova-polymer conjugates as "ova-pol", free ova mixed with free polymer as "ova+pol", ova-polymer conjugates electrostatically associated with CpG as "ova-pol/CpG" and free ova mixed with polymer electrostatically associated with CpG as "ova+pol/CpG." To enable conjugation of ova to the PDS groups, thiols were first introduced using 2-iminothiolane (3-5 thiols/ova). 25, 32 Conjugation of ova to polymer (ova−pol) was evaluated using SDS PAGE to monitor the shift of fluorescently-labeled ova to higher molecular weights accompanied by disappearance of the free protein band. Reaction of thiolated ova and polymer at a 20:1 polymer:ova ratio resulted in >95% conjugation of protein to the micelles as determined by SDS PAGE using (Figure 2a) . By contrast, conjugation was not observed upon mixing nonthiolated, native ova with polymer (ova+pol), likely owing to the low accessibility of free cysteine residues present in ovalbumin. 33 Incubation of nanoparticle-ova conjugates with cytosolic levels of glutathione (10 mM) 34 resulted in complete liberation of ova from the carrier (Figure 2a) , a property which has been shown to improve delivery of conjugate-based vaccines. 35 It should be noted that upon conjugation to the polymer, the ova band becomes distributed over a broad range of molecular weights. This is most likely reflective of both the polydispersity of the polymeric carrier, which also displays a band over a range of molecular weights ( Figure S3 ), as well as heterogeneity in the number of conjugation events per ova or polymer chain (e.g., multiple ova per polymer chain or multiple polymer chains per ova). Nonetheless, no significant change in particle size was observed upon antigen conjugation via DLS (25.1+/−5.2 nm), suggesting maintenance of micellar structure and minimal particle cross-linking or aggregation. Conjugates were subsequently incubated with CpG ODN at various +/− charge ratios (ova−pol/CpG), defined as the molar ratio of protonated DMAEMA tertiary amines in the first block (assuming 50% protonation at physiological pH) and phosphate groups along the CpG backbone. An agarose gel electrophoretic shift assay was performed to determine the charge ratio where polymers were able to bind and completely neutralize the negative charges of CpG. At charge ratios of 1:1 and above CpG ODN was completely complexed to polymeric carriers, as indicated by the disappearance of a free CpG band and the lack of CpG migration towards the cathode (Figure 2b) . However, at charge ratios of 1:1 and 2:1, particle size increased dramatically (~1000-3000 nm), likely as a result of colloidal destabilization and/or cross bridge formation associated with addition of CpG ODN. Increasing the charge ratio to 4:1 mitigated this effect with resultant particles returning to 26.7+/−6.0 nm (Figure 2c ), a size comparable to smaller viruses (e.g., adeno-associated virus, pox virus, polio virus) that is also amenable to sterile filtration. 36 Consistent with our previous reports, 27 nanoparticles demonstrated potent pH-dependent membrane disruptive properties in an erythrocyte lysis assay (Figure 2d) , thereby mimicking the mechanism of endosomal escape utilized by a number of pathogens (e.g., influenza, adenovirus, Listeria monocytogenes). This response was only modestly inhibited by conjugation of ova or electrostatic complexation of CpG at a 4:1 charge ratio. This nanoparticle formulation, comprised on average of ~80 polymer chains, ~4 ova molecules, and ~30 strands of CpG ODN, was chosen for all subsequent investigations.
Nanoparticle Carriers Enhance Intracellular Uptake of Antigen and CpG ODN
By mimicking the intracellular uptake of antigen and immunostimulatory DNA that occurs during bacterial and viral infections, the co-delivery of antigen with CpG ODN has been shown to enhance immune responses to vaccines. 12, [17] [18] [19] [20] [21] 37, 38 To demonstrate that carriers promote uptake of both antigen and CpG, flow cytometry was used to investigate the internalization of AlexaFluor488®-labeled ova and TAMRA-labeled CpG in DC2.4 cells, a dendritic cell line. 39 After one hour incubation with particles carrying ova and CpG (ova −pol/CpG), ova and CpG uptake were enhanced 5.5-and 2.5-fold, respectively, over the parental formulation of ova mixed with CpG (ova+CpG; Figure 3a) . A physical mixture of free ova and CpG complexed to particles (ova+pol/CpG) did not increase internalization of ova, demonstrating a dependence on direct conjugation in enhanced uptake. Additionally, nanoparticle delivery increased the initial rate of uptake, defined as the change in median fluorescence intensity (MFI) of the DC2.4 cell population per minute over the first 240 minutes of incubation, 5-fold and 1.9-fold for ova and CpG, respectively (Figure 3b ). These data provide evidence of dual-delivery of a protein antigen and an oligonucleotide adjuvant on a common synthetic platform.
In order to elucidate the mechanism through which ova and CpG are endocytosed by DC2.4 cells, treatments were performed at 4°C or in the presence of the macropinocytosis inhibitor amiloride, 40 the caveolae inhibitor genistein, 41 or the inhibitor of clathrin-mediated endocytosis, chloropromazine. 42 Uptake of CpG and ova associated with the carrier (ova −pol/CpG) was nearly completely abrogated at 4°C (Figure 3c ) demonstrating the energy dependence of uptake and that particle internalization is not mediated by non-specific membrane fusion or translocation. Uptake of CpG and ova on carriers was inhibited to similar extents by genistein, amiloride, and chloropromazine indicating that multiple endocytotic pathways are likely involved in the internalization of nanoparticles. It is notable that the uptake of CpG and ova on carriers was reduced by comparable degrees in all treatment groups, further suggesting that both species are entering cells together. It is also notable that free ova does not enter dendritic cells through caveolae, consistent with previous studies demonstrating that ova uptake is mediated by macropinocytosis and the mannose receptor (clathrin), [43] [44] [45] whereas ova conjugated to nanocarriers can utilize caveolae as an alternative internalization route.
Polymeric Delivery of Antigen Enhances MHC-I Presentation in a B3Z T Cell Activation Assay
A co-culture assay was used to characterize antigen delivery into the MHC class I processing pathway. DC2.4 cells were incubated with the indicated ova-containing formulations and subsequently co-cultured with a B3Z T cell hybridoma which produces β-galactosidase upon recognition of ova 257-264 (SIINFEKL) presented on the murine H-2K b MHC molecule. Conjugation of ova to pH-responsive carriers dramatically increased class I antigen presentation relative to soluble ova, which was detected at negligible levels over background (Figure 4a ). Additionally, a physical mixture of non-thiolated ova and polymer did not significantly enhance antigen presentation, further demonstrating the requirement for antigen conjugation. While non-covalent interactions (e.g., electrostatic interactions, hydrogen bonding) between the micelle and ova are possible, this data, combined with the cellular uptake data described previously (Figure 3 ), strongly suggests that such interactions, if present, are weak and/or transient, and, therefore, likely play a negligible role in enhancing the intracellular delivery of ova.
To probe the mechanism of polymer-mediated cross-presentation, DC2.4 cells were treated with chloroquine, an inhibitor of endosomal acidification, lactacystin, a proteosome inhibitor, and brefeldin A, which inhibits transport of assembled MHC-I/peptide complexes from the ER to the cell surface. Treatment with chloroquine resulted in a 35% reduction in antigen presentation, while lactacystin and brefeldin A completely abrogated the response (Figure 4b ). The persistence of some class I presentation in the presence of chloroquine is likely due to incomplete inhibition of endosomal acidification, 46 resulting in elevated pH values where polymers nonetheless still maintain membrane-disruptive capabilities. Treatment of antigen presenting cells with chloroquine has also been associated with increased cross-presentation of endocytosed antigen due to membrane leakage and reduced proteolytic antigen degradation. 47 However, a dependence on endosomal acidification as well as proteosomal processing and transport from the ER suggests that the acidic milieu of endosomal trafficking facilitates polymer-mediated delivery of antigen to the cytosol for processing via the classical/endogenous class I presentation pathway.
Nanoparticle-Antigen Conjugates Enhance CD8+ T cell and Antibody Responses in vivo
To evaluate the capacity of conjugates to enhance CD8 + T cell responses in vivo, C57BL/6 mice were injected subcutaneously with free ova (ova), nanoparticle-ova conjugate (ova −pol), or a physical mixture of micelles and ova (ova+pol) in formulations containing 25 μg ova and/or 360 μg of polymer. A booster injection of the same formulation was given on day 21. Mice were sacrificed one week later and the CD8 + T cell response determined through ex vivo stimulation of isolated splenocytes with the immunodominant class I ova epitope (SIINFEKL). The quantification of INF-ɣ producing cells was performed using intracellular cytokine staining and ELISPOT. Immunization with polymer-ova conjugates resulted in 0.5 ± 0.13% ova-specific CD8 + T cells (% IFN-ɣ + of CD8 + ) as measured by intracellular cytokine staining (Figure 5a ), a significantly (p<0.05) higher response than elicited with free ova (0.02%) or a physical mixture of particles and ova (0.03%). Quantification of the CD8 + T cell response using IFN-ɣ ELISPOT (Figure 5b ) corroborated these findings, with conjugates (200 ± 60 spot forming cells (SFC)/1×10 6 ) generating a 17-and 90-fold increase in response relative to the physical mixture and free ova, respectively. This is consistent with the need for intracellular co-localization of polymer and antigen. Further studies will be necessary to elucidate and the mechanisms through which conjugates mediate enhanced cross-presentation in vivo and the cell types involved.
Immunization with ova-nanoparticle conjugates (ova−pol) enhanced IgG1 and IgG2c antibody titre ~1500-and ~300-fold, respectively, over antigen alone ( Figure 5c ; note that titre values are plotted on a log 10 axis.) However, the physical mixture of particles and ova (ova+pol) also increased antibody titre over free ova, albeit to a less extent (~30-fold for IgG1 and ~150-fold for IgG2c). The difference in titre between mixture and conjugate might be explained by overall enhancements in antigen uptake with the latter. Vaccination with the conjugate, as well as the mixture, elicited a significantly higher IgG1 than IgG2 titre (IgG2c/ IgG1 < 1.0; Figure S4a , Supporting Information), indicating a Th2 bias in the CD4 + response 48 and suggesting a potential adjuvant effect inherent to the nanoparticle. Indeed, a number of polymeric materials, including synthetic polycations, have been shown to possess inherent inflammatory or adjuvant properties 13,49-52 that here may be augmenting Th2 CD4 + T cell and B cell responses without inducing a CD8 + T cell response. Additionally, it is conceivable that the endosomolytic nature of these carriers may have adjuvant effects mediated by the induction of inflammasomes that can induce cytokine production and enhance DC activation. 52 
Dual-Delivery of Antigen and CpG ODN Enhances CD8 + and Th1 CD4 Responses in vivo
Generation of robust CD8 + T cell responses requires not only class I antigen presentation, but also additional immunostimulatory signals delivered by antigen presenting cells and type 1 CD4 + T helper (Th1) cells. A growing class of molecular adjuvants has been developed to stimulate inflammatory pathways that promote Th1-biased responses. 7, 53, 54 Class B CpG ODNs are a promising type of oligonucleotide adjuvant that are widely investigated clinically. 55, 56 Therefore, we postulated that combining the CTL-inducing capabilities of pH-responsive nanocarriers with the immunopotentiating properties of a class B CpG ODN would allow the benefits of each to be harnessed in a cooperative manner. To test this hypothesis, mice were immunized as described above with dual-delivery vehicles assembled through electrostatic complexation of CpG ODN 1826, a murine B-type CpG ODN, to nanoparticle-ova conjugates (ova−pol/CpG). To elucidate the importance of delivering both antigen and adjuvant on a common nanoparticle, free ova was mixed with nanoparticles carrying CpG (ova+pol/CpG). Free ova mixed with soluble CpG (ova+CpG) served as an additional control, representing the most common delivery modality for CpG as a vaccine adjuvant. As shown in Figure 6 , immunization with dual-delivery nanocarriers dramatically enhanced both CD8 + T cell and Th1 responses relative to those elicited by conjugates (ova −pol), ova administered with free CpG (ova+CpG) or a formulation containing free ova and CpG complexed to polymer (ova+pol/CpG). Dual-delivery of CpG and ova on pHresponsive nanoparticles (ova−pol/CpG) resulted in an average of 3.4% CD8 + T cells (%INF-ɣ + of CD8 + ) as measured by intracellular cytokine staining (Figure 6a ), an ~7-fold increase over the conjugate alone (0.5%) and an ~18-fold increase over antigen administered with free CpG (0.18%). Notably, the CD8 + T cell response elicited by ova-nanoparticle conjugates (ova−pol; 0.5% INF-ɣ + of CD8 + ) was comparable to that induced using soluble CpG ODN 1826 as an adjuvant (0.2%; Figure 6a ), providing a metric for the relative capability of these polymeric nanoparticles to enhance CD8 + T cell responses. Additionally, administration of free ova mixed with CpG/polymer complexes (ova+pol/CpG) did not significantly increase the CD8 + T cell response relative to free CpG (0.4% vs. 0.18%). Similar trends were observed when measuring CD8 + T cell responses using IFN-ɣ ELISPOT (Figure 6b ).
Dual-delivery of antigen and CpG (ova−pol/CpG) also significantly enhanced the Th1 (CD4 + INF-ɣ + ) response relative to other experimental groups, all of which elicited comparably low responses as measured by ELISPOT (Figure 6c ). Th1 responses were increased ~11-fold relative to the conjugate (ova−pol) and ova mixed with polymercomplexed CpG (ova+pol/CpG), and nearly 20-fold relative to soluble antigen mixed with CpG (ova+CpG). Consistent with the heightened Th1 response, complexation of CpG to nanoparticle-ova conjugates (ova−pol/CpG) increased IgG2c titre nearly 200-fold without significant change in the IgG1 titre, yielding an IgG2c/IgG1 ratio close to unity (Figure 6d , Figure S4b ), which suggests a balanced Th1/Th2 response. These findings are consistent with several previous reports demonstrating enhanced CpG activity achieved by delivery with antigen on the same vehicle. 20, 21, 57, 58 Significantly, the CD8 + T cell and Th1 responses elicited with dual-delivery carriers are substantially greater than the additive effects of polymeric antigen conjugation and addition of CpG as an adjuvant.
The ability of dual-delivery carriers to elicit CD8 + and CD4 + T cell responses suggests that antigen is accessible to both MHC-I and MHC-II processing pathways, the latter of which may be mediated by a cohort of antigen that remains in endo/lysosomal compartments. A similar response has been observed for antigen encapsulated in virosomes that fail to escape the endosome. 6 Though we employed a pH-responsive tercopolymer with strong endosomolytic activity, 26 the persistence of a CD4 + response that can act to modulate both cellular and humoral immunity is also an important element of this design. Similarly, these data suggest that CpG complexed with endosomolytic carriers maintains a capacity to engage TLR9 localized in endosomal compartments. A similar phenomenon has been described for CpG encapsulated in pH-responsive liposomes. 19 Interestingly, this is not the case for all cationic CpG delivery platforms, as a number of cationic carriers have been shown to reduce the adjuvant activity of CpG. 49, 59 This may be attributed to the relative accessibility of electrostatically bound CpG in endosomal compartments, which is thought to be influenced by the strength of binding between the polymer and CpG. [59] [60] [61] Additionally, particulate carriers can also influence endosomal trafficking, which has been shown to affect the magnitude and nature of the response to CpG. 60, 61 For example, complexation of CpG-B with the cationic liposome DOTAP shifted the localization of CpG-B from lysosomes to endosomes, a change that stimulated the production of interferon-alpha in plasmacytoid DCs. 61 Alternatively, ova or CpG delivered to the cytosol might subsequently be trafficked back to endo/lysosomal compartments through autophagy, the catabolic process that leads to engulfment of cytosol and organelles in autophagic vacuoles that fuse with lysosomes. Indeed, there is considerable evidence that autophagy promotes MHC class II presentation of endogenous cytosolic proteins and proteins of viral origin [62] [63] [64] and, therefore, it is conceivable that a cohort of cytosolic ova becomes engulfed in autophagosomes and ultimately is processed for class II presentation. Similarly, Lee et al. found that cytosolic RNA intermediates from certain single-stranded RNA viruses must be transported into lysosomes via autophagy in order to be recognized by TLR7, another endo/lysosomal TLR; 65 a similar role for autophagy has been postulated in TLR9 recognition of cytosolic CpG-containing DNA. 66 While the effect of polymeric CpG delivery on TLR9 signaling remains to be investigated, these studies suggest that endosomal releasing activity and endosomal signaling are not mutually exclusive events.
Intradermal Immunization Further Augments Responses
Intradermal administration of vaccines offers a potential strategy for enhancing immune responses by improving delivery to antigen presenting cells abundant in the dermis 67, 68 as well as increasing access to lymphatic vessels and lymph nodes. 69 We evaluated responses elicited by both nanoparticle-ova conjugates (ova−pol) and dual-delivery carriers (ova−pol/ CpG) that were injected intradermally in the pinna of the ear using the same doses and immunization regimen utilized for subcutaneous administration. Intradermal vaccination enhanced both CD8 + T cell and Th1 responses approximately 2-fold for both the conjugates (Figure 7a-c) and dual-delivery vehicles (Figure 7e-g) . Notably, intradermal vaccination with nanocarriers for dual-delivery of antigen and CpG resulted in an average of 6.8%
antigen-specific CD8 + T cells with responses as high as ~15% percent observed in two of eleven mice. Though differences in dose, adjuvant choice, immunization regimen, and characterization techniques render direct comparison difficult, these CD8 + T cell responses are amongst the strongest elicited for a protein antigen using a sub-100 nm nanoparticle vaccine. 12, 19, [70] [71] [72] Additionally, intradermal vaccination elicited significantly higher IgG2c titre compared to subcutaneous administration for both conjugates (~30-fold) and dualdelivery carriers (2-fold) while IgG1 titre was not significantly increased, commensurate with the elevated Th1 response (Figure 7d,h ). These data demonstrate the capacity of this system to elicit strong cellular and humoral immune responses that may be further enhanced through optimized immunization regimens.
Conclusion
Through dual-delivery of protein antigen and CpG ODN on endosomolytic nanoparticles, we have developed a new class of subunit vaccine combining multiple pathogen-inspired cues into a single synthetic platform that actively promotes antigen cross-presentation and stimulates innate immunity. Owing to their pH-dependent membrane destabilizing activity, carriers increased MHC class I antigen presentation with attendant augmentation of antigenspecific CD8 + T cell responses. Significantly, dual-delivery of antigen and CpG ODN on a single carrier synergistically enhanced both CD8 + T cell and CD4 + Th1 T cell responses while eliciting a balanced IgG1/IgG2c antibody response. Though a model antigen was used and immunization regimens remain to be optimized, the considerable magnitude of immune responses elicited by this vaccine formulation, particularly the CD8 + T cell response, warrants future evaluation of this technology for vaccination against refractory infectious diseases as well as for the treatment of cancer. Additionally, this modular vaccine delivery platform is comprised entirely of synthetic components that can be economically and scalably synthesized, and is anticipated to allow for conjugation of diverse antigens and complexation of additional immunomodulatory oligonucleotides. Collectively, these investigations demonstrate the potential of pH-responsive nanoparticles as a multimodal and tunable platform for improving the efficacy of protein subunit vaccines.
Materials and Methods
Synthesis of pyridyl disulfide ethyl methacrylate (PDSEMA)
The PDSEMA monomer was synthesized as described previously with minor modifications. 73 Hydroxyethyl pyridyldisulfide (HDPS) was synthesized as described elsewhere. 74 In brief, a total of 3 g (38.5 mmol) of 2-mercaptoethanol was dissolved in MeOH (20 mL) followed by 5 mL of 2,2′-dipyridyl disulfide (10.3 g, 46.2 mmol, SigmaAldrich) in MeOH. The reaction mixture was stirred at room temperature under N 2 overnight. MeOH was removed via evaporation and used for the next reaction without further purification (TLC: Rf = 0.4, Rf = 0.8 is the excess 2,2′-dipyridyl disulfide and Rf = 0.1 is 2-pyridinethione). Then, a total of 4 g (21.4 mmol) of HDPS was placed in a dry round-bottom flask followed by 50 mL anhydrous dichloromethane (DCM). The solution was cooled use an ice bath for another 5 min and a total of 3.58 mL of TEA (25.7 mmol) was subsequently added to the reaction mixture. Finally, methacryloyl chloride (3.1 mL, 32.0 mmol, Sigma-Aldrich) in 10 mL DCM was added drop-wise to the pre-cooled reaction mixture while stirring under nitrogen. The reaction was stirred in an ice bath for an additional 2 h and transferred to room temperature overnight. Formation of PDSEMA monomer was monitored by TLC using 33:67 ethyl acetate:hexane solvent mixture as the mobile phase (Rf = 0.55, other impurities all below Rf = 0.35). The reaction mixture was diluted with DCM and subsequently washed with brine. The collected organic phase was dried by anhydrous MgSO 4 and the organic solvent removed in vacuo. The crude product was further purified via column chromatography using ethyl acetate/hexane as the mobile phase (packing with pure hexane and increasing EA from 20% to 40%). 1 H NMR (CDCl 3 ) δ 1.9 (3H, m), δ 3.1 (2H, t), δ 4.4 (2H, t), δ 5.6 (1H, m), δ 6.1 (1H, m), δ 7.1 (1H, m), δ 7.6 (1H, m), δ 7.7 (1H, m), δ 8.5 (1H, m).
RAFT Polymerization of poly[(DMAEMA-co-PDSEMA)-block-(DMAEMA-co-BMA-co-PAA)]
RAFT copolymerization of dimethylaminoethyl methacrylate (DMAEMA) and PDSEMA was conducted under a nitrogen atmosphere in dioxane (40 wt% monomer) at 30°C for 18 h with 4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (ECT) 26 [I] 0 ) of 2.5. The polymerization was allowed to proceed under a nitrogen atmosphere for 24 h at 30°C. The resultant diblock copolymer was isolated by initial precipitation into 80:20 pentane:ether and subsequently redissolved in acetone and precipitated (6×) into pentane. The product was then dried in vacuo for 48h, reconstituted into molecular grade water (HyClone) from a stock solution prepared in ethanol, and subsequently lyophilized for 96h. The composition of both the mCTA and diblock copolymer was analyzed by 1 H NMR (CDCl 3 ) spectroscopy (Bruker AV 500). Gel permeation chromatography (GPC) was used to determine molecular weights and polydispersities (M w /M n , PDI) of both the mCTA and diblock copolymer. SEC Tosoh TSK-GEL R-3000 and R-4000 columns (Tosoh Bioscience, Montgomeryville, PA) were connected in series to a Agilent 1200 series (Agilent Technologies, Santa Clara, CA), refractometer Optilab-rEX and a triple-angle static light scattering detector miniDAWN TREOS (Wyatt Technology, Santa Barbara,CA). HPLC-grade DMF containing 0.1 wt% LiBr at 60°C was used as the mobile phase at a flow rate of 1 mL/min. The molecular weights of each polymer were determined using a multi-detector calibration based on dn/dc values calculated separately for each copolymer (0.071 and 0.065 for mCTA and diblock, respectively). Additionally, the number of pyridyl disulfide groups per polymer chain was determined to be 1.5 based on spectrophotometric determination of the amount of pyridine-2-thione released (343 nm, ε=8080 M −1 cm −1 ) after incubation with 5 mM TCEP (Bond-Breaker TCEP, Thermo Scientific) for 1 h. Additional synthetic details, representative NMR spectra, and a summary of polymer properties can be found in the Supporting Information.
Formulation of Polymer Micelles
Aqueous polymer solutions were prepared by first dissolving the dry copolymer into ethanol at 50 mg/ml followed by rapid dilution into sodium phosphate buffer (100 mM, pH 7.0) to a final concentration of 10 mg/ml. Ethanol was removed by buffer exchange into phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 ; Ambion) via four cycles of centrifugal dialysis (Amicon®, 3kD MWCO, Millipore). In selected instances, the ethanol content of the final polymer solution was determined via the Amplite ethanol quantitation kit (AAT Bioquest) according to manufacturer's instructions and consistently found to be below 0.1%. Polymers were sterilized prior to use via 0.22 μm syringe filtration (Pall Corporation). Polymer concentration was determined spectrophotometrically via absorbance of the aromatic PDS groups at 284 nm.
Preparation of Polymer-Ovalbumin Conjugates
Ovalbumin (ova) was conjugated to PDS groups on polymer micelles via a disulfide exchange reaction. Thiol groups were incorporated onto ova using a 22 molar excess of 2-iminothiolane (Traut's reagent) as previously described. 25 Non-reacted 2-iminothiolane was removed using a Zeba desalting column (0.5mL, 7K MWCO; Thermo Scientific) equilibrated with 1X PBS (pH 7.4). The solution was then sterile-filtered and the average number of thiol groups per ova determined using Ellman's reagent (Thermo Scientific) according to manufacturer instructions. For all studies 3-5 thiols per ova were introduced. In some instances, ova was labeled with AlexaFluor488®-TFP (Invitrogen) prior to thiolation with ~0.5-1 dye/protein according to manufacturer instructions. Thiolated ova was subsequently reacted with polymer micelles (prepared as described above) at a 20:1 polymer:ova molar ratio in PBS under sterile conditions. The extent of conjugation was determined via non-reducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of conjugates prepared with fluorescently-labeled ova (137V; 4-20% Tris-Glycine; PROTEAN TGC precast gel, Bio-Rad). To demonstrate the reducibility of the disulfide bond between polymer and protein, conjugates were incubated with 10 mM glutathione (Sigma-Aldrich) for 1 h at room temperature. Gels were imaged using a Storm 860 Molecular Imager (GMI Inc.) to determine protein shifts and ImageQuant TL software was used to quantify the extent of conjugation.
Formation of Polymer/CpG Complexes
Polymer/CpG complexes were formed by combining CpG ODN 1826 (Invivogen) and micelle solution in PBS for 30 min at room temperature at different theoretical charge ratios. The charge ratio was defined as the molar ratio between protonated DMAEMA tertiary amines in the first block (assuming 50% protonation at physiological pH) and phosphate groups along the CpG backbone. The charge ratio at which polymers mediated complete CpG complexation was determined via an agarose gel retardation assay. Free CpG and complexes prepared at various charge ratios were loaded into lanes of a 4% agarose gel and run at 90V for 1 h. Gels were stained with SYBR Safe (Invitrogen) for 1 h and subsequently visualized with a Storm 860 Molecular Imager (GMI).
Static and Dynamic Light Scattering
Static light scattering measurements were performed on a Nanoseries Zetasizer (Malvern) at a constant scattering angle of 173°. The micelle molecular weight (M w ) and second virial coefficient (A 2 ) were estimated from the relationship: KC p /R Θ =1/M w +2A 2 C p where K, C p , M w , R Θ , and A 2 are the optical constant, polymer concentration, molecular weight, Rayleigh ratio, and second virial coefficient, respectively. The dn/dc of the micelle solution was measured using an Optilab-rEX refractometer (Wyatt Technology, Santa Barbara, CA) and determined to be 0.161. By measuring R Θ at a series of C p values between 0.75 and 0.15 mg/mL, M w and A 2 were estimated from Debye plots. Micelle aggregation number (N agg ) was determined by comparing the molecular weight of the diblock copolymer micelles (M w ) to the molecular weight of the unimeric species as determined by GPC using the relation N agg = M w,micelle /M w,unimer . The sizes of free diblock copolymer micelles, micelle-ova conjugates, and conjugate/CpG complexes were determined by dynamic light scattering (DLS) using a Nanoseries Zetasizer (Malvern) at a constant scattering angle of 173°. All samples were analyzed at room temperature in PBS (pH 7.4) normalized to 0.1 mg/ml polymer. Mean diameters are reported as the number average +/− standard deviation from a minimum of three independently prepared formulations.
Cell Lines
The mouse dendritic cell line DC2.4 (H-2Kb-positive) were kindly provided by K. Rock (University of Massachusetts Medical School) and cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine, 100 U/mL penicillin/100 μg/mL streptomycin (Gibco), 55 μM 2-mercaptoethanol (Gibco), 1X nonessential amino acids (Cellgro), and 10mM HEPES (Invitrogen). B3Z T cells, a lacZinducible T-cell hybridoma specific for the SIINFEKL-H-2Kb complex, were a generous gift from Nilabh Shastri (UC Berkeley) and cultured in RPMI 1640 (Gibco) supplemented with 10% FBS, 100 U/mL penicillin/100 μg/mL streptomycin (Cellgro), 50 μM 2-mercaptoethanol (Gibco), and 1 mM sodium pyruvate (Gibco). Both cell types were grown in a humidified atmosphere with 5% CO 2 at 37°C.
In vitro Cross-Presentation Assay
The ability of polymeric nanoparticles to enhance MHC class I antigen presentation was assessed by an in vitro antigen presentation assay 19,24,75 using DC2.4 cells 39 as the antigen presenting cell. This assay utilizes a specialized LacZ B3Z T cell hybridoma that produces β-galactosidase upon recognition of the immunodominant ovalbumin class I epitope SIINFEKL presented on MHC class I H-2Kb on DC2.4 cells. 76 DC2.4 cells were plated at 5×10 4 cells/well in U-bottom 96-well cell culture plates and grown overnight. The following day, ova-nanoparticle conjugates and controls were added to a final concentration of 1 μg/ml ova and incubated with DC2.4 cells for 4 hours at 37°C in a 5% CO2 incubator. Cells were then carefully rinsed 3× with DPBS and 10×10 4 B3Z T cells were added to each well and co-cultured for 22-24 h in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 55 μM beta-mercaptoethanol, 1 mM pyruvate, and 100 U/mL penicillin/100 μg/mL streptomycin. Cells were then pelleted via centrifugation (7 min, ~500 rcf), media carefully aspirated, and 150 μL of CPRG/lysis buffer (0.15 M chlorophenol red-β-Dgalactopyranoside (CalBiochem), 0.1% Triton-X 100, 9 mM MgCl, 100 μM mercaptoethanol) added. Plates were incubated at 37°C in the dark for 90 m and the absorbance of released chlorophenol red measured at 570 nm using a Tecan Safire 2 plate reader.
To elucidate the intracellular processing pathways associated with polymer-mediated crosspresentation, DC2.4 cells were incubated with conjugates or controls in the presence or absence of 100 μM chloroquine, an inhibitor or endosomal acidification, 77 the proteosome inhibitor lactacystin (3 μM), 78 or brefeldin A (GolgiPlug, BD), an inhibitor of TAPmediated translocation of MHC-I molecules to the cell surface. 77 Conjugates and controls were added to cells 1 h after addition of inhibitors. After 4 h, cells were washed 3× with DPBS, fixed on ice for 5 min with 1% parformaldehyde, and washed again 3× with DPBS 79 prior to addition of 50×10 3 B3Z cells as described above. In a parallel study, cell viability was determined after incubation with conjugates and inhibitors using an MTS cell viability assay (Promega). Chlorophenol red absorbance (570 nm) data was normalized to viability to account for small differences in cell viability induced by treatment with inhibitors; in all instances, cell viability after treatment with conjugates and inhibitors was determined to be greater than 70% of untreated control.
Erythrocyte Lysis Assay
The capacity of free polymer, ova-polymer conjugates, and conjugate/CpG complexes to induce pH-dependent disruption of lipid bilayer membranes was assessed via a red blood cell hemolysis assay as previously described. 80 Briefly, polymers were incubated for 1 h at 37°C in the presence of human erythrocytes at 2.5 μg/mL in 100 mM sodium phosphate buffer (supplemented with 150 mM NaCl) in the pH range of the endosomal processing pathway (7.4, 7.0, 6.6, 6.2, and 5.8). Extent of cell lysis (i.e. hemolytic activity) was determined spectrophotometrically by measuring the amount of hemoglobin released (Abs 541nm) and normalized to a 100% lysis control (1% Triton X-100). Samples were run in quadruplicate.
In vitro Dendritic Cell Uptake
Intracellular uptake of ovalbumin and CpG was evaluated by flow cytometry using AlexaFluor488®-labeled ovalbumin and 3′-TAMRA-labeled CpG (Integrated DNA Technologies). DC2.4 cells were plated at 75k cells/well in 24-well plates and allowed to adhere overnight. Cells were subsequently incubated with formulations containing fluorescently-labeled ova and CpG for the indicated amount of time, rinsed 2× with DPBS, trypsinized (0.25%, 5 min), pelleted by centrifugation, and resuspended in DPBS containing 2% FBS. Flow cytometry was performed on a FACSCantoII (BD) and analyzed using FlowJo software (Tree Star Inc.). To determine the initial rate of ova and CpG uptake by DC2.4 cells, the median fluorescent intensity (MFI) was plotted as a function of time over a four-hour incubation period, fit with a linear regression, and the initial rate of uptake was defined as the slope of the line. To investigate the mechanism of uptake, cells were pre-incubated for 30 min at 4°C or at 37°C in the presence of chlorpromazine (10 μg/ml), 5-(N,N-dimethyl)amiloride (150 μg/ml), 32 or genistein (50 μg/ml) 81 followed by addition of CpG and/or ova containing samples for 1 h.
Animals
Female C57BL/6 mice, 6-8 weeks old, were obtained from The Jackson Laboratory (Bar Harbor, ME). All animals were maintained at the University of Washington under specific pathogen-free conditions and treated in accordance with the regulations and guidelines of the University of Washington Institutional Animal Care and Use Committee.
Immunization of Mice
All vaccine formulations were prepared using a low endotoxin grade ovalbumin (<0.01 EU/g; EndoGrade; Hyglos GmbH), and sterile, endotoxin, protease and nuclease free water (Invivogen) and PBS (Ambion). To confirm low endotoxin content of vaccines, formulations were periodically assayed for endotoxin content using a Limulus amoebocyte lysate assay kit (Lonza) and consistently found to be less than 5 EU/kg as recommended by the United States Pharmacopoeia. 82 Groups of mice (n=6-16 per group) were immunized subcutaneously at the base of the tail or intradermally in the pinna of the ear with formulations containing 25 μg ova with or without 28 μg of CpG and/or 360 μg polymer in PBS. Mice were immunized at day 0 and 21 in opposite sides (s.c.) or ears (i.d.) using a 0.3 cc syringe with a 30G needle. Subcutaneous and intradermal immunizations were delivered in 200 μL and 20 μL, respectively, and intradermal injections were performed under isoflurane anesthesia. Experimental groups were as follows: free ovalbumin (ova), a physical mixture of micelles and ova (ova+pol), nanoparticle-ova conjugate (ova−pol), ova mixed with free CpG (ova+CpG), CpG complexed with nanoparticle-ova conjugates (ova −pol/CpG), and free ova combined with CpG complexed to polymeric carriers (ova+pol/ CpG). Conjugates were prepared 18-24 h prior to immunization and all other formulations prepared within three hours of injection. Animals were monitored for weight loss and signs of lethargy and no adverse effects were observed with any formulation tested.
Preparation of Splenocyte Culture
One week post boost immunization (day 28), mice were sacrificed and spleens harvested for preparation of splenocyte cultures. Individual spleens were mechanically digested into single-cell suspensions in complete RPMI 1640 media (cRPMI; 10% FCS, 100 U/mL penicillin, 100 μg/mL streptomycin, 50μM 2-mercaptoethanol and 2mM L-glutamine) by forcing them through a 100 μm cell strainer (BD) using a sterile syringe plunger. The cell suspension was subsequently filtered through a 70 μm cell strainer to remove any residual tissue fragments and erythrocytes were removed by treatment with ammonium chloride (PharmLyse, BD). Cells were then washed twice and resuspended in cRPMI.
Intracellular Cytokine Staining
Splenocytes were plated in 96-well U bottom plates at 2×10 6 cells/well in cRPMI and cultured in the presence or absence of 20 μg/ml of the class I epitope ova [257] [258] [259] [260] [261] [262] [263] [264] (SIINFEKL) at 37°C and 5% CO 2 . After 1 h, a protein transport inhibitor (GolgiPlug; BD Bioscience) was added to each well for an additional 8 h. 
Enzyme-Linked Immunosorbent Spot Assay (ELISPOT)
Splenocytes from each mouse were evaluated for antigen-specific IFN-ɣ production by ELISPOT (Ready-Set-Go! Mouse IFN-ɣ ELISPOT kit; eBioscience) according to manufacturer's instructions with minor modifications. 96-well nitrocellulose MultiScreen filter plates (Millipore) were treated briefly with 15μl 35% ethanol in water, washed 3× with coating buffer, and coated overnight at 4°C with anti-mouse IFN-ɣ monoclonal antibody at the recommended dilution. The following day, plates were washed 3× with coating buffer and blocked with 200 μl of cRPMI for 2 h at 37°C. Media was aspirated and the appropriate stimulant or control added: 20 μg/ml ova 257-264 (CD8 + ), 20 μg/ml ova 323-339 (ISQAVHAAHAEINEAGR; CD4 + ), 3 μg/ml concanavalin A (positive control), and cRPMI (negative control). Immediately thereafter, splenocytes were plated in quadruplicate at 1.5 or 3×10 5 cells/well and incubated for 36 h at 37°C. Plates were subsequently washed twice with molecular grade water (HyClone) followed by three washes with wash buffer (0.05% Tween/DPBS), and incubated for 2 h at RT with biotin-conjugated rat anti-mouse IFN-ɣ detection antibody. Plates were washed four times with wash buffer and incubated with avidin-HRP for 45 m at RT. Following three washes with wash buffer and two washes with DPBS, 100 μL of AEC peroxidase substrate (Vector Laboratories), prepared according to manufacturer instructions, was added to each well and left to develop for 20 m. Plates were then washed 5× with water, dried overnight and the number of spots counted using an ImmunoSpot ELISPOT reader and analysis software package (Cellular Technology Limited). The average number of spots counted upon peptide stimulation was subtracted from the number of spots counted upon incubation with cRPMI (i.e., background), and data are reported as the number of spot forming cells (SFCs) normalized to 1×10 6 cells. Data are pooled from 2-3 independent experiments.
Antibody Titre
Approximately 100μL of blood was collected from mice via submandibular bleeding one day before sacrifice (day 27), and sera tested for ova-specific IgG1 and IgG2c. Nunc MaxiSorp plates (Nunc-Thermo Fisher Scientific Inc.) were coated with 5μg/mL ovalbumin in 1X DPBS overnight at 4°C. Plates were blocked with Super Block Blocking Buffer (Thermo Scientific) for 15 m followed by five washes with PBS-Tween 20 (PBST). After repeating the blocking step, sera were added at a 1/50 dilution and subsequent 5-fold serial dilutions in 0.1% BSA/PBST and incubated for 2 h at R.T. Sera from one naïve mouse was run on each plate to determine cutoff values. Post incubation, plates were washed 5× with PBST and incubated with biotin-conjugated anti-mouse antibodies to IgG1 (BD Pharmingen) or IgG2c (Bethyl Laboratories) at 0.005 μg/mL in 0.1% BSA/PBST for 1h at R.T. Plates were again washed and incubated with SA-HRP (BD Pharmingen) at a 1:20,000 dilution in 0.1% BSA/PBST for 30 min at R.T. Following a final round of washes, plates were developed with 100uL SureBlue Reserve TMB 1 peroxidase substrate (KPL). After 5 m the enzymatic reaction was quenched with 1M HCl and plates were read within 30 min at 450nm using a Tecan Safire 2 microplate reader. End-point titres were determined from reciprocal dilutions using a sigmoidal fit (GraphPad Prism 5; GraphPad Software Inc.) to determine the dilution at which the 450 nm OD value was equal to the mean + two standard deviations of that of naïve serum. Titre values too low for detection were fixed at 100, corresponding to the lowest dilution used here.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Nanoparticle vaccines based on pH-responsive polymers for dual-delivery of antigen and oligonucleotides. Amphiphilic diblock copolymers with two multifunctional modules were synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. The hydrophilic and cationic first block was comprised of DMAEMA for electrostatic complexation of oligonucleotide adjuvants (CpG ODN) and doped with a small percentage of PDSEMA for conjugation of thiol-bearing antigens (ovalbumin) via disulfide exchange. The hydrophobic and endosomolytic second block drives micelle assembly and promotes cytosolic antigen delivery. and CpG (squares) either delivered free (ova+CpG; orange) or as part of the dual-delivery (ova−pol/CpG) construct (blue; mean+/−s.d. n=3). At each time point, the MFI corresponding to both ova and CpG are statistically higher (p<0.05 by student's t-test) in the ova−pol/CpG (blue) treatment group. c) Inhibition of ova (left) and CpG (right) uptake upon incubation at 4°C or in the presence of the indicated inhibitors for 1 h at 37°C expressed as a percentage of control after subtracting background MFI. Orange bars represent ova mixed with CpG (ova+CpG) and blue bars represent dual-delivery carriers (ova−pol/CpG). Genistein treatment did not significantly (p>>0.05) change ova uptake in the ova+CpG (orange) group relative to untreated control; the average percent inhibition of ova in this group was slightly negative (−5%) and this data point has been eliminated for clarity. Data are expressed as the mean+/−s.d. from four independent experiments; *p<0.05, †<0.1 ova −pol/CpG (blue) vs. ova+CpG (orange) by student's t-test for a given treatment group. Conjugation of antigen to polymeric carriers enhances MHC class I antigen presentation. a) DC2.4 cells were incubated with ova (1 μg/ml), ova-nanoparticle conjugates (ova−pol), or a mixture of micelles and non-thiolated ova (ova+pol) for 4 h and subsequently co-cultured for 18-20 h with B3Z T cell hybridomas which produce β-galactosidase upon recognition of ova 257-264 (SIINFEKL) presented on the murine H-2Kb MHC class molecule. β-galactosidase was subsequently detected using a lysis buffer containing a colorimetric substrate with an absorbance at 570 nm (mean+/−s.d., n=4, *p<0.05 ova−pol vs. ova+pol and ova by ANOVA with Tukey's post hoc test. b) Enhanced MHC-I presentation was inhibited by addition of chloroquine and completely abrogated with lactacystin and brefeldin A, indicating that polymer-mediated cross-presentation is dependent on endosomal acidification, proteosomal processing, and transport of MHC-I/peptide complexes from the ER to the cell surface (mean+/− s.d., n=4, *p<0.05 vs. ova−pol by student's t-test). Intradermal (i.d.) immunization increases cellular and humoral immune responses relative to subcutaneous (s.c.) administration. CD8 + T cell response to (a,b) conjugates (ova−pol) and (e,f) dual-delivery vehicles (ova−pol/CpG) determined by intracellular cytokine staining (a,e) and ELISPOT (b,f). Th1 response to conjugates (c) and dual-delivery vehicles (g) measured by ELISPOT. IgG1 (filled bars) and IgG2c (hollow bars) antibody endpoint titres elicited by conjugates (ova−pol) (d) and dual-delivery (ova−pol/CpG) carriers (h) measured by ELISA. Data represent the mean+/−s.e.m. of 2-3 independent experiments with n=10-16 total; **p=0.08, *p<0.05 by student's t-test. #p<0.05, IgG2c intradermal vs. subcutaneous administration by student's t-test.
